The Cretaceous period, which is considered one of the most remarkable periods in Earth's history, saw episodes of abrupt greenhouse warming and cooling. The Cretaceous was also exceptional in that it was associated with the widespread occurrence of silcrete. To demonstrate this, the present study collated records of silcrete occurrences from the Jurassic to the present and compared them with records of variation in palaeotemperature and atmospheric CO 2 levels. Quartz solubility, which is one of the key factors that controls the rate of silcrete development, was also calculated over the same period. The results demonstrate that a marked increase (approximately 100%) in quartz solubility occurred during the Cretaceous. This was found to be a direct consequence of the extreme global warmth witnessed at that time. Furthermore, this study shows that silcrete occurrences are consistent with records of palaeotemperature and that silcretes have formed mostly in regions that have experienced warm climatic conditions, with no instances found in polar regions. The Poaceae family of grass plants are known to have evolved and diversified during the Cretaceous, which coincide with the period when silica was readily available. X-ray spectra and backscattered images from SEM examination of the internal structure of a modern wild grass (which belongs to the Poaceae family of grass plants) reveals that silica is an important constituent of the grass. This suggest a possible link between evolution of the Poaceae family in the Cretaceous and the high availability of silica during the Cretaceous.
. Example of a silcrete obtained from the Blanchard Mine, Socorro County, New Mexico (USA). Note how the fluorite rich silica replaces other mineral grains in the sample
General Characteristics of Silcretes
In general, the morphology of an individual silcrete profile reflects its mode of formation and the nature of its host material (Milnes and Thiry, 1992; Summerfield, 1983a and b) . However, silcrete appearances vary even between profiles developed by comparable processes, such that it is can be difficult to distinguish silcrete types on the basis of macromorphology alone. An example of this is the groundwater silcrete profile at Stuart Creek, Australia, which contains amoeboid opalite masses in Cretaceous shale, as well as massive or tuberous bodies within Tertiary fluvial sands . Common silcrete colours include grey, white, buff, brown, red, and green, with the accessory minerals influencing the colour (Milnes and Twidale, 1983) . The chemical composition of silcrete is simple, usually comprising > 90% silica with minor amounts of Ti, Fe, and Al oxides. Silcrete mineralogy also often reflects the properties of the host material and the conditions under which silica precipitation occurred (Summerfield, 1983a, and b) . The detrital components of silcretes are usually quartzose, while the matrix often contains a range of silica species (or polymorphs), of which the most generally recognised are opal, chalcedony, and quartz. Opal usually occurs both within the silcrete matrix and as a cavity lining (Bustillo and Bustillo, 2000) , but may also be present as non-crystalline opal-A and opal-AG or in near-amorphous-microcrystalline forms such as opal-T, opal-C, or opal-CT (Flörke et al., 1991) . Chalcedony, which is a microcrystalline fibrous form of silica, forms as an intergrowth with quartz and the silica polymorph moganite, and usually occurs as cement, void lining, or void-fill (Flörke et al., 1984; Nash and Shaw, 1998; . Quartz in silcretes are usually present within the matrix as microquartz or as well-developed crystals of authigenic α-quartz (or megaquartz). Microquartz (grain size < 20 μm) occurs both as a cement and as void-lining, whilst megaquartz (> 20 μm) generally occurs as intergrown microscopic grains, overgrowths, and as subhedral quartz crystals towards the centre of cavities (Nash and Hopkinson, 2004) . A variety of other elements and minerals may also be present in silcretes. For example, Ti is usually present as anatase and may be disseminated throughout opaline cements or concentrated within illuvial features (Thiry, www.ccsenet.org/esr Earth Science Research Vol. 5, No. 2; 2016 4 1978). Some silcretes are also enriched in TiO 2 (Summerfield, 1983b; Thiry and Millot, 1987) , which is usually related to host-material chemistry and the ratio of matrix to detrital grains, as well as to the environment of silicification (Nash et al., 1994; Webb and Golding, 1998 ).
Silcretes As Climatic Indicators
The development of silcrete depends upon a complex interplay between climate and silica supply (Nash and Ullyout, 2007) . Early studies on silcretes (e.g., Stephens 1971; Summerfield, 1983b) , suggests that silcretes developed in arid and semi-arid environments. Silcretes have generally been considered as indicators of warm humid climatic conditions (Hutton et al., 1978; Nash and Ullyout, 2007; Twidale et al., 1976; Twidale and Hutton, 1986) . In the absence of precise dating, some specific Cenozoic silcretes have been related to the warm humid climatic conditions that prevailed during their formation (e.g., Summerfield, 1983a) . Silcretes have also been considered as the products of long periods of weathering, usually associated with warm humid climatic conditions (Twidale & Hutton, 1986) , as inferred from palaeontological evidence (e.g., Hutton et al., 1978; Kemp, 1978; Wopfner, 1978) . For example, stratigraphic evidence from the silcrete profile of the lower Lake Eyre Basin, Australia, suggests evolution during the Late Cretaceous and early Miocene, when the region enjoyed a warm, humid climatic condition (Hutton et al., 1978) . There are challenges in dating silcrete occurrences. These challenges occur due to the impacts of paragenesis and the possibility of having multiphase cement occurrences in silcrete profiles (e.g. Twidale, 2002) . Most silcrete studies, however, use relative dating approaches, where the ages of silcretes are determined from their stratigraphic position. This concept has been efficiently employed in France (e.g. Thiry, 1999) , and in Australia, where the occurrence of plant fossils and basalts of known ages have been used to age-constrain silcrete deposits (e.g., Taylor and Eggleton, 2001 ). In general, temperature plays an important role in silcrete development as it controls the solubility of silica in solution (quartz solubility), which in turn controls the availability of silica for silcrete development. Rimstidt (1997) suggested a mathematical relationship between temperature and quartz solubility for temperatures ranging between 0°C and 300°C. This mathematical function states that: log m = −1107.12 (±10.77)/T − 0.0254 (±0.0247).
Where m is the molal solubility and T is measured in Kelvins.
According to this mathematical function, the solubility of silica increases with increasing temperature. For example, the solubility of silica at 5°C is 6.0±1.1 ppm, and at 25°C it is 11.0±1.1. This relationship between temperature and quartz solubility implies that more silica is expected to be removed from soils and rock profiles at relatively higher temperatures than at lower temperatures. Therefore, warm and humid climatic conditions (such as was experienced globally in the Cretaceous) should allow for more silcrete development than in cold climates.
Silcretes in the Geologic Record
Silcrete occurrences have been documented on all continents except Antarctica (Nash and Ullyout, 2007) . Silcretes are most widespread in Australia and in the Kalahari and Cape coastal areas of southern Africa. Based on their distribution, the prerequisites for silcrete development appear to include sub-aerial weathering under temperate-tropical climatic conditions. There is evidence in the geological record (e.g., Peters and Gaines, 2012) to show that the Neoproterozoic was associated with widespread continental denudation, and Neoproterozoic erosional surfaces that reflect prolonged sub-aerial weathering under temperate-tropical climatic conditions occur in several places worldwide. As silica translocation is a common occurrence in sub-aerial weathering profiles (Smith et al., 1997) , some Precambrian unconformities are also associated with silcretes. Such examples include the silcrete profiles along the south-eastern margin of the Australian Precambrian Shield (Firman, 1994) . Other examples of silcretes associated with unconformities include the Proterozoic silcretes of the Bear and Churchill provinces of the north-western Canadian Shield (Ross and Chiarenzelli, 1985) , and the silcretes within outcrops surrounding the Wisconsin Arch, USA (Smith et al., 1997) . Silcrete deposits from other geologic periods are also found in the geological record, and their formation can also be linked with evidence of temperate-tropical climatic conditions. Examples include the silcretes associated with the Pennsylvanian-Permian Belloy Formation of the Peace River Embayment, West Central Alberta, Canada (Moore and Henderson, 1998) , and those associated with the Devonian Old Red Sandstone of the Orcadian Basin, Scotland (Parnell, 1983) .
Method
Records of silcrete occurrences from the Jurassic to the present day were compiled with respect to their stratigraphic positions. The search was carried out using online search engines for the Jurassic, the Cretaceous and the Cenozoic. Records of variations in the global atmospheric level of carbon dioxide, temperature, sea level and average area of land available to weathering were also compiled for the same geologic periods to www.ccsenet.org/esr Earth Science Research Vol. 5, No. 2; 2016 demonstrate how they relate to the occurrences of silcretes. Using the mathematical relationship: Log m = −1107.12 (± 10.77) / T − 0.0254 (± 0.0247), Which was determined by Rimstidt (1997) , quartz solubility was calculated for the different mean surface temperatures witnessed during the Jurassic, the Cretaceous and the Cenozoic. Reconstructed world palaeogeographic maps after Blakey (2011) were used to plot the palaeolatitude distribution of the silcretes. Leaves of modern day wild grass (which also belongs to the Poaceae family of grass) were collected, dried, carbon coated and and examined using an ISI ABT-55 scanning electron microscope (SEM) with Link Analytical 10/55S EDAX facility for the occurrence of silica in the leaves. This is based on the assertion that the Poaceae family of grass plants evolved and diversified during the Cretaceous as it is documented in the biogeological records (e.g., Bouchenak-Khelladi et al., 2010; Bremer 2002; Jassen and Bremer 2004; Kellogg, 2010) . X-ray spectra and backscattered images were obtained from the SEM.
Results and Discussion

Jurassic to Cenozoic Silcrete Deposits
The global Cretaceous weathering events were attributed to the warm humid climatic condition that prevailed globally at that time. This further implies that the general climatic condition during the Cretaceous was suitable for the release of large volumes of silica from Cretaceous rock profiles and soils. In order to explore this hypothesis, records of silcrete occurrences from the Jurassic to the Cenozoic will be presented and discussed in the ensuing section. This is aimed at demonstrating the effect of the extreme global warmth, witnessed in the Cretaceous, on silcrete development. Palaeogeographic studies have shown that the continents were previously sutured together in a single continent called Pangaea, which existed during the Early Jurassic (e.g., Blakey, 2011; Golonka, 2007; Scotese, 2001 ), a time of low mean global surface temperature (~5°C; e.g., Veizer et al., 2000) . Based on the mathematical relationship between temperature and quartz solubility (Rimstidt, 1997) , a temperature of 5°C implies a low quartz solubility of just 6 ppm, which explains why very few Early Jurassic silcrete deposits are documented in the geological record (Table 4 .1; Fig. 2 ). However, an example of an Early Jurassic silcrete profile occurs at the Limpopo Valley of Zimbabwe (Terry et al., 2001) . During the Early Jurassic, Zimbabwe is estimated to have been at a palaeolatitude of 30°S (Fig. 2) and it is presumed that warm climatic condition prevailed (e.g., Bordy and Catuneanu, 2002) , despite the generally low global surface temperature. The Earth became warmer towards the end of the Jurassic, in response to a rise in atmospheric CO2 caused by volcanic activity associated with the breakup of Pangaea. In particular, the mean global surface temperature rose to ~7°C during the Late Jurassic, corresponding to an increase in quartz solubility. Compared with the Early Jurassic, relatively more silcretes developed in the Late Jurassic in response to the rising global temperature. Late Jurassic silcretes have been reported in Australia, South Africa, France, Canada and Brazil (Al-Ramadan et al., 2005; Du Toit and Reed 1954; Krausse and Mello, 2010; Laity, 2009; Pierini et al., 2010; Twidale and Campbell, 1995; Wopfner, 1978) . The Earth continued to warm during the Cretaceous, with average global surface temperature peaking at ~28°C in the mid-Cretaceous (Scotese, 2001; Skelton, 2003; Veizer et al., 2000; Wang et al., 2014; Bata et al., 2015) . This resulted in a dramatic increase (of ~100%) in quartz solubility (from ~6 ppm in the Early Jurassic to ~12 ppm by the mid-Cretaceous). This high quartz solubility is consistent with the abundance of Cretaceous silcretes in the geological record (Table 2 ; Fig. 3 ). Cretaceous silcretes have been reported at high palaeolatitudes, for example, the silcrete profile of west-central Alberta, Canada (Krausse and Mello, 2010 which was estimated to have been at palaeolatitude 58° N in the Cretaceous (Fig. 2) . Similarly, Cretaceous silcretes have been reported in the Andean Basin, Argentina (Sempéré et al., 1997) and Grahamstown, South Africa (Jacob et al., 2004) . Argentina and South Africa were estimated to have extended to palaeolatitude of about 50° S in the Cretaceous (Fig. 3) . The formation of Cretaceous silcretes at such high palaeolatitudes suggests an upward warming trend, consistent with palaeotemperature estimates for the early Cretaceous (e.g., Huber et al., 1995 Huber et al., , 2002 Friedrich et al., 2012) . Apart from their widespread occurrence, which is anomalous, Cretaceous silcretes are no different from those formed during other geologic ages in terms of morphology and chemical composition. There is documented evidence in the geological record for both pedogenic and groundwater silicification during the Cretaceous. Evidence of Cretaceous groundwater silicification includes the superposition of several silcrete horizons, preservation of structures from the host rocks, scarce areal extent of some deposits, the formation of massive silcrete lenses in some places, complex pore infilling, nodular horizons, lack of columnar top structures, and the replacement of clay minerals (Thiry and Simon-Coincon, 1996; Tofalo and Pazos, 2010; Ullyott and Nash, 2006) . Pedogenetic features associated with some of the Cretaceous silcretes include clay deposits in soil channels, peds and microfracture sets, root structures, animal burrows, and abundant nodular/disseminated Fe sulphides (Krause and Mellor, 2010) . The Earth's temperature dropped at the end of the Cretaceous period, possibly as a result of the intense global weathering, which is known to draw down CO 2 from the atmosphere as periods of intense weathering are usually followed by periods of cooling (Berner, 1992; Kump et al., 2005; Godie and Viles, 2010) . The widespread intense weathering witnessed in the Cretaceous must have removed significant amount of CO 2 from the atmosphere, resulting in a drop in global temperatures. This drop also resulted in a corresponding drop in quartz solubility in the early Cenozoic, evident by the relatively fewer occurrence of Cenozoic silcretes with most of the Cenozoic silcretes concentrated in Australia where a warm humid climate prevails at present (Table 3 ; Fig. 4 ). 
Palaeogeographic Distribution of Jurassic to Cenozoic Silcretes
It is generally recognised that palaeo-CO 2 was the primary driver of the Phanerozoic climate. This is backed by evidence from the geological record, which shows that global temperatures co-varied with atmospheric CO 2 during the Phanerozoic ( Fig. 5A and 5B; e.g., Goddéris et al., 2014; Royer, 2008 Royer, , 2010 Royer et al., 2004; Wang et al., 2014) . The broad picture of climate and CO 2 variation shows that warming trends through the Phanerozoic were accompanied by increasing CO 2 levels, while cooler periods were associated with reductions in atmospheric CO 2 (Retallack 2001) . During the Mesozoic, and especially the Cretaceous, global temperatures were considerably higher than the present. The Cretaceous global warmth has largely been attributed to elevated levels of atmospheric CO 2 (Barron and Washington, 1985; Berner, 1991) . This increase in atmospheric CO 2 was caused by volcanic activity associated with fragmentation of the former continents during the Cretaceous (Larson, 1991 ). Furthermore, the high level of atmospheric CO 2 witnessed during the Cretaceous also implies low environmental pH (e.g., Nikinmaa, 2013) , which further suggests that the rate of global chemical weathering was high in the Cretaceous, consistent with data presented in section 3.4 of Chapter Three. Dating silcrete development is controversial and past works have shown that very few ages of silicification are well constrained (e.g., Thiry et al., 1988) . However, in this study a simple dating approach was used, and the ages of silcretes were determined from their stratigraphic position. A good match was observed between the widespread occurrence of Cretaceous silcretes, and the relatively higher surface temperature witnessed globally in the Cretaceous (Fig. 5 ). This strongly implies that temperature plays a very important role in silcrete development. In fact, the remarkable increase of ~100% in quartz solubility which occurred between the Jurassic and the Cretaceous (Fig. 5B) is a direct consequence of the rise in global temperature at that time.
Based on the data presented in Figure 5 , mean global quartz solubility was 6 ppm during the Jurassic, 8.14 ppm in the Lower Cretaceous, and 10.7 ppm in the Upper Cretaceous. Mean global quartz solubility for the Cenozoic is 8.22 ppm. This again demonstrate the relatively higher availability of silica during the Cretaceous, than the Jurassic or Cenozoic. The anomalously high Cretaceous quartz solubility is consistent with the relatively numerous and widespread Cretaceous silcretes, as compared with the Jurassic and the Cenozoic (Fig. 5C ). The formation of Cretaceous silcretes at relatively higher palaeolatitudes than the Jurassic and Cenozoic silcretes is consistent with the greenhouse climatic conditions that resulted in climatic warnings even at high latitudes (Fig. 5) . However, no silcrete occurrences have been reported from the polar regions, even during the Cretaceous, because temperatures in these regions have always been low, even without the polar ice, as was the case during the Cretaceous (Scotese, 2001) . Figure 6. Scanning electron microscope (SEM) backscattered electron (BSE) images (vertical, with the internal structure exposed) and X-ray spectra of grass. Note the high abundance of silica in the results of energy dispersive X-ray analysis (EDAX). Other elements identified in the wild grass include K, Cl, P, S, and Ca
Cretaceous Origin of the Poaceae Family of Grass and the High Availability of Silica in the Cretaceous
Wild grasses of the Poaceae family are most valuable of all plant families because they occur in several of the natural and artificial landscape of the world (Bremer 2002) . The grass family is also of particular interest to humans because for most of the global population grasses, including rice, wheat, and maize, constitute a major food source. Domestic animals are also raised on diets consisting partially or wholly of grass. The grass family includes about 10,000 species classified into 600-700 genera (Clayton and Renvoize, 1986; Watson and Dallwitz, 1989) . The evolutionary history of grass is complex, however biogeographic studies (e.g., Bouchenak-Khelladi et al., 2010; Bremer 2002; Jassen and Bremer 2004; Kellogg, 2001) have shown that the Poaceae family evolved and diversified during the Cretaceous period. This is consistent with the works of Prasad et al. (2005) who reported the occurrence of silicified plant tissues (phytoliths) preserved in the Cretaceous Lameta Formation occurring at Pisdura, central India. In order to explore a possible connection between the origin of grass, and the high availability of silica during the Cretaceous, modern day wild grass (which also belongs to the Poaceae family of grass) was examined under the scanning electron microscope (SEM) for any evidence of silica. The results reveal the abundance of silica in the leaves of wild grass (Fig. 6 ). This is consistent with evidence from the biogeological record (e.g., Agarie et al 1996; Kaufman et al., 1985; Massey et al., 2006; Neethirajan et al., 2009; Nylese et al., 2015) , which also illustrates the occurrence of amorphous silica gel in the shoots and leaves of wild grasses. Grasses usually take up silica in large quantities, as it is important for their normal growth and development. When deprived of silica, grass shoots become stunted and very weak (Kaufman et al., 1985; Takahashi 1974) . The silica in grass also helps to protect them against pathogenic fungi and insect herbivores (Kaufman et al., 1985; Massey et al., 2006) . The high availability of silica in the Cretaceous must have played an important role in the evolution and diversification of the Poaceae family of grass. Wild grasses have short life cycles (e.g. Opanowicz et al., 2008) , and when they die, they decompose with their siliceous remains added to the soil. This increases the amount of silica in soils. Clarke (2003) explained that biogenic silica produced by vascular plant constitutes about 2 -3% of most soils. Some early works on silcrete (e.g. Oehler, 1979) suggested that silica sourced from the dissolution of the siliceous remains of terrestrial organisms could contribute to the formation of silcretes. Gunn and Galloway (1978) also postulated the possibility that biogenic silica leached from marine organisms was an important component in some Australian silcretes developed in the Cretaceous. This further suggests that siliceous input from decomposing Cretaceous grasses could contribute to the high availability of silica in Cretaceous soils and rock profiles and thence to the widespread development of Cretaceous silcretes.
Summary and Conclusion
The development of silcrete depends upon a complex interplay between climate and silica supply. The widespread occurrence of Cretaceous silcretes can be attributed to high levels of atmospheric CO 2 , extreme www.ccsenet.org/esr Earth Science Research Vol. 5, No. 2; 2016 elevated global temperatures, and a high rate of deep weathering, all which prevailed during the period. It could be argued that the abundant Cretaceous silcretes identified in the geological record have resulted primarily from the extensive study of Cretaceous rocks, such that unreported occurrences of silcretes may exist in other geologic periods. Nevertheless, the dataset and discussion presented in this study show that the factors that typically control silcrete development (high atmospheric CO 2 , warmth, high rates of chemical weathering, and high quartz solubility) prevailed globally during the Cretaceous, which strongly supports a connection between the greenhouse climatic condition witnessed in the Cretaceous and the widespread development of silcretes. As discussed, dating silcrete development is controversial and past works have shown that very few ages of silicification are well constrained (e.g., Thiry et al., 1988) . However, in this study a simple dating approach was used, and the ages of silcretes were determined from their stratigraphic position. Based on the present study, the following conclusions can be drawn. i) Increased quartz solubility during the Cretaceous explains the widespread occurrence of Cretaceous silcretes. Silcrete occurrence is consistent with records of palaeotemperature, with the extreme global warming witnessed during the Cretaceous causing a marked increase (of ~100%) in quartz solubility, explaining the widespread occurrence of abundant Cretaceous silcretes. ii) Mean global quartz solubility was 6 ppm during the Jurassic, 8.14 ppm in the Lower Cretaceous, and 10.7 ppm in the Upper Cretaceous. Mean global quartz solubility for the Cenozoic is 8.22 ppm. This again demonstrate the relatively higher availability of silica during the Cretaceous, than the Jurassic or Cenozoic iii) Silcretes occur mainly at palaeolatitudes that experienced warm climatic conditions over time. No records of silcrete occurrence have been reported from the polar regions, where temperatures have remained low throughout geologic history. iv) The Poaceae family of grass plants evolved and diversified in the Cretaceous, which also coincide with the period when quartz was readily available. The high availability of silica in the Cretaceous must have played an important role in the evolution and diversification of the Poaceae family of grass. v) X-ray spectra and BSE images from SEM examination of the internal structure of a modern wild grass (which belongs to the Poaceae family of grass plants) confirms that silica is an important constituent of the Poaceae family of grass. Decomposing Cretaceous grasses must have contributed to the high availability of silica in Cretaceous soils and rock profiles which further contributed to the development of more Cretaceous silcretes.
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